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Critical shear crack theoryAbstract In this paper, a system for repairing damaged ﬂat plates as a result of punching shear is
presented. The system depends mainly on repairing the damaged concrete and the addition of ver-
tical studs with different arrangements through holes drilled in the plates. The experimental pro-
gram consists of eight specimens with the same dimensions and ﬂexural reinforcements, but with
different concrete strength and shear reinforcement ratios. The main aim of the tests is to assess
the efﬁciency of the suggested repairing system and to investigate the slabs load carrying capacity,
deformation characteristics and cracking behavior.
Test results showed that using the proposed system on repairing damaged ﬂat plates due to
punching shear is very efﬁcient. Theoretical results obtained based on the formulas adopted by dif-
ferent codes and from the critical shear crack theory (CSCT), showed a satisfactory agreement with
test results.
ª 2015 Production and hosting by Elsevier B.V. on behalf of Faculty of Engineering, Alexandria
University. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).1. Introduction
In ﬂat plates, punching shear is a very important design
parameter. For heavily loaded ﬂat plates without special shear
reinforcement, failure due to punching shear may occur in a
very brittle manner accompanied with sudden loss in the slab
load-carrying capacity. Sometimes, due to the change in the
slab function, additional loads transmitted to the slab may
lead to excessive shear stresses causing structure collapse.
For recently constructed ﬂat slabs, there are many systems of
punching shear reinforcement that have been developed.
Some of these are the headed shear studs with base rails, dou-
ble headed shear studs, closed stirrups and open stirrups withdifferent anchorage shapes. Strengthening of ﬂat slabs against
punching shear by adding special shear reinforcement has been
investigated through various experimental tests. For the
enhancement of slabs punching shear characteristics, the addi-
tion of studs and closed stirrups with different arrangements
around columns has been experimentally investigated by
Heinzmann et al. [1–3]. Also, strengthening of existing ﬂat
slabs by using post-installed studs as shear reinforcement has
been tested and observed experimentally by Duarte et al. [4–6].
The effect of attaching ﬁber reinforced polymer (FRP) sheets
on the rehabilitation of punching shear characteristics has been
tested by Abdullah et al. [7]. Also, the punching shear behavior
of ﬂat slabs without any special reinforcements has been inves-
tigated by Miguel et al. [8] and Stefano et al. [9] among others.
Polak and Bu [10], addressed new design criteria for sizing
bolts as shear reinforcement and adopted recommendations
Notations
bo control shear parameter
bo,out control perimeter at (d/2) beyond the outer layer
of shear reinforcement
as equal 4.0 for interior column
bc long side/short side of column
f0c concrete cylinder strength
d effective depth of the slab
Pu ultimate punching strength (N)
ASW cross-sectional area of one perimeter of shear rein-
forcements around the column
fys yield stress of shear reinforcement
qf ﬂexural reinforcement ratio
qs shear reinforcement ratio
cs strength reduction factor of steel equal 1.15
K factor accounting for the size effect
k density of concrete
nr number of radii shear reinforcement
WR rotation of repaired slabs
W rotation of slabs outside column region
ds the stud diameter
dgo reference aggregate size (16mm)
dg maximum aggregate size
dr reduced effective depth
us steel partial capacity factor
uc concrete partial capacity factor
Se distance between two adjacent reinforcement in
the radial direction
Vr,out punching shear strength outside the shear rein-
forcement
Vsd punching shear strength with the shear reinforce-
ment
S the distance between two adjacent studs in one ra-
dii
bo,EC critical perimeter lies at 2.0d and 1.50d for slabs
without shear reinforcement and with shear rein-
forcement respectively from the column face
cc strength reduction factor of concrete equal 1.5
K factor accounting for the size effect
fyw,ef effective stress of the shear reinforcement
Vc concrete shear strength
C column side length
542 H.S. Askarfor drilling holes and the arrangement of bolts in plan.
Koppitz et al. [11], reviewed over 40 models of existing slabs
concerning the punching shear effect with interior, edge and
corner columns. Based on their review they stated that pre-
stressing is an efﬁcient and reliable method to activate post-
installed strengthening components.
From the available literature, it has been observed that
repairing of ﬂat slabs damaged due to punching shear has
not so far had enough attention in research.
In the present investigation, the experimental results of six
repaired slabs that were originally damaged due to punching
shear are presented. Based on the critical shear crack theory
(CSCT), a reinforced concrete ﬂat slab may develop three dif-
ferent punching failure modes, crushing of concrete struts near
the column, punching within the shear reinforced zone and
punching outside the shear reinforced zone. For the present
experimental tests, the governing failure mode was outside
the shear reinforcement in all the tested specimens.
2. Codes provisions
In this section, the slabs punching shear capacity formulas
adopted by different codes and the (CSCT) are reviewed.
2.1. ACI 318-11 [12]
a. Without shear reinforcement:
The concrete shear strength (Vc) is the smallest of the
following:
Vc ¼ 1
12
½ðasd=boÞ þ 2:0
ﬃﬃﬃﬃ
f 0c
q
N=mm2 ð1Þ
Vc ¼ 1
6
½1þ ð2:0=bcÞ
ﬃﬃﬃﬃ
f 0c
q
N=mm
2 ð2ÞVc ¼ 1
3
ﬃﬃﬃﬃ
f 0c
q
N=mm
2 ð3Þ
where bo is the control shear perimeter, assumed to be at 0.5d
from the column perimeter as ¼ 4:0 for interior columns, bC is
the ratio (long side/short side of columns), bc P 2; f
0
c is the
concrete cylinder strength, and d is the effective depth of the
slab.
b. With shear reinforcement:
For slabs with stirrups as shear reinforcement
PU ¼ 1
6
bod
ﬃﬃﬃﬃ
f 0c
q
þ ASWfysðd=SÞ N=mm2 ð4Þ
For slabs with studs as shear reinforcement
PU ¼ 1
4
bo;ACId
ﬃﬃﬃﬃ
f 0c
q
þ ASWfysðd=SÞ N=mm2 ð5Þ
where PU is the ultimate punishing strength, ASW is the cross
sectional area of one perimeter of the shear reinforcement
around the column, S is the distance between two adjacent
studs in one radii, and fys is the yield stress of shear
reinforcement.2.2. Euro code 2 [13]
a. Without shear reinforcement:
PU ¼ 0:18cc ð100qf
0
c Þ1=3 K bo;ECd ð6Þ
where bo,EC is the critical perimeter which is assumed to lie at
2.0d and 1.50d for slabs without shear reinforcement and with
shear reinforcement, respectively, from the column face, q is
the ﬂexure reinforcement ratio (q 6 0.02), cc is the strength
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the size effect.
K ¼ 1þpð200=dÞ 6 2:0; d in ðmmÞ
K ¼ 1þ
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ð200=dÞ
p
6 2:0; d in ðmmÞ
a. With shear reinforcement:
PU ¼ 0:135cc
ð100qf 0c Þ1=3kbo;ECdþ 1:50ASWfyw;efðd=SÞ ð7Þ
where fyw,ef is the effective stress of the shear reinforcement,
and is deﬁned as
fyw;ef ¼ 1:15ð250þ 1:25dÞ 6 fys N=mm2 ð8Þ2.3. The Canadian Standard CSA A23.3-04 [14]
a. Without shear reinforcement
The concrete shear strength, Vc, is the smallest of the
following:
Vc ¼ k½ðasd=boÞ þ 0:19
ﬃﬃﬃﬃ
f 0c
q
N=mm
2 ð9Þ
Vc ¼ 0:19½1þ ð2:0=bcÞ
ﬃﬃﬃﬃ
f 0c
q
N=mm2 ð10Þ
Vc ¼ 0:38k
ﬃﬃﬃﬃ
f 0c
q
N=mm
2 ð11Þ
where d is the critical perimeter which lies at d/2, as in the ACI
318-11, k is a factor to account for density of concrete and is
equal to 1.0 for normal weight concrete, as = 4.0 for interior
column, bc = long side/short side of column and f
0
c is the con-
crete cylinder strength.
b. With shear reinforcement
Vsd ¼ ucVc þ usVc 6 ucvmax
where uc is concrete partial capacity factor and is equal
to 0.65, and us is steel partial capacity factor and is equal to
0.85,
Vc ¼ 0:28k
ﬃﬃﬃﬃ
f 0c
q
ud
Vs ¼ Asvfsyvd=s
Vmax ¼ 0:75
ﬃﬃﬃﬃ
f 0c
q
ud f 0c in N=mm
2Ψ
Figure 1 Failure outside shear-reinforced zone VR;out: (a) failure
criterion and load-rotation relationship; and (b) reduced effective
depth dv.2.4. The New Zealand Standard, NZS 3101:2006 [15]
The formulae of NZS 3101:2006 for punching shear are the
same as that of the ACI 318-11 except the consideration of
the slab size effect factor. According to the NZS 3101:2006
the contribution of concrete shear resistance should be reduced
by the slab size factor which is given in Eq. (12). This factor is
effective to reduce the ultimate punching shear strength of
slabs thicker than 200 mm.
Vc ¼ 1
6
Kds½ðadsd=boÞ þ 2:0
ﬃﬃﬃﬃ
f 0c
q
N=mm
2 ð12aÞVc ¼ 1
6
Kds½1þ ð2:0=bcÞ
ﬃﬃﬃﬃ
f 0c
q
N=mm
2 ð12bÞ
Vc ¼ 1
3
Kds
ﬃﬃﬃﬃ
f 0c
q
N=mm
2 ð12cÞ
where ads ¼ 20 for interior columns, bc = long side/short side
of column and should be taken not less than 2, bc P 2.
Kds ¼ pð200=dÞ ! 0:5 6 pð200=dÞ 6 1:0; d in ðmmÞ ð13Þ2.5. The Egyptian code of practice: ECP – 203-2007 [16]
The critical perimeter is located at 0.50d away from the column
face and Vc is the smallest of the following:
Vc ¼ 0:8½ðad=boÞ þ 0:2
ﬃﬃﬃﬃﬃ
fcu
cc
s
N=mm
2 ð14aÞ
Vc ¼ 0:316½0:5þ ða=bÞ
ﬃﬃﬃﬃﬃ
fcu
cc
s
N=mm
2 ð14bÞ
Vc ¼ 0:316
ﬃﬃﬃﬃﬃ
fcu
cc
s
N=mm
2 ð14cÞ
where ad = 4 for interior column, a and b are the smaller and
longer column dimensions, respectively.
2.6. Critical shear crack theory (CSCT) [17,18]
Based on the critical shear crack theory, Muttoni et al. [17,18],
stated that the shear strength of the slab can be estimated as
the smallest of, punching inside the shear-reinforced zone,
punching outside the shear-reinforced zone, and crushing of
concrete struts near the support region. In this investigation,
failure outside the shear reinforcement is the predominant
mode of all tested slabs.
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Punching outside the shear-reinforced zone is developed by
localization of the strains in a critical shear crack as shown
in Fig. 1a. According to CSCT, the punching shear strength
outside the shear-reinforced zone (VR;out) can be estimated
based on equation (15) as follows:
VR;out ¼ 3
4
bo;outdv
ﬃﬃﬃﬃ
f 0c
q
= 1þ 15 Wd
dgo þ dg
  
ð15Þ
where dv is the reduced effective depth shown in Fig. 1b and
bo;out is the control perimeter (deﬁned at d/2) beyond the outer
layer of shear reinforcement and considering 4d as the maxi-
mum effective distance between two concentric rows of shear
reinforcement. This approach provides good ﬁtting to test data
and is slightly conservative because the rotation of the slab is
assumed to be concentrated in the shear-critical crack,
although a fraction of the total rotation develops within the
shear-reinforced zone.3. Research signiﬁcance
The experimental tests presented herein were conducted in
order to investigate the punching behavior of repaired slabs
and to show how far the efﬁciency of the suggested repairing
technique is. Slabs previously damaged due to punching shear.
A rehabilitation system for damaged slabs by using studs as
shear reinforcement with different arrangements is presented.
Test results showed that the suggested repair system is very
efﬁcient to regain the specimen strength, deformation capacityTable 1 Speciﬁcation of tested slabs A1(40) & A1(60) that are the
Group Specimen h
(mm)
d
(mm)
fcu
(MPa)
fcuR
(MPa)
ds (mm) Sn
N(40) A140 140 113 42 42 ————— ——
NR1 190 165 42 43.5 12 8
NR2 190 165 40 43.5 12 16
NR3 190 165 42.9 43.5 12 24
H(60) A160 140 113 58.8 58.8 ————— ——
HR1 190 165 58.8 61.4 16 8
HR2 190 165 60.6 61.4 16 16
HR3 190 165 62 61.4 16 24
Table 2 Concrete mix proportions for NSC and HSC.
Used material NSC (40 MPa)
Mix proportions Dry
Standard type 10 Portland cement 1.00 500
Fine aggregate (Sand) 1.19 595
Dolomite (10 mm) 2.21 1105
Dolomite (20 mm) ——— ——
Water 0.43 215
Portland S.F.C. ——— ——
Super-Plasticizer (Sikament – 165) ——— ——and ductility. In this experimental investigation the shear rein-
forcement volume and concrete compressive strength are the
two parameters of investigation.
4. Experimental program
4.1. Description
In the present experimental investigation, a series of 8 speci-
mens lying in two groups designated as N and H were tested,
where N stands for normal strength concrete and H stands
for high strength concrete. Six slabs were repaired by using
two shear reinforcement volumes (1.04, 1.85%) for NSC and
HSC, respectively. The remaining two slabs were used as refer-
ence specimens. Table 1 shows the technical properties, the
main studied parameters, cracking and failure strength of the
tested specimens. All slabs had a plan dimensions of
1200 · 1200 mm and a constant ﬂexural reinforcement ratio
0.583%, which is sufﬁcient to prevent specimens from ﬂexural
failure. The top and bottom reinforcements were orthogonal,
parallel to the slab edge and with constant spacing.
In the present investigation, the target 28 days compressive
strength of NSC was 40 MPa and of HSC was 60 MPa. To
assess the concrete compressive strength, steel cubic molds of
150 * 150 * 150 mm were used in casting the concrete speci-
mens. The mix proportions of concrete mixes are detailed in
Table 2.
For specimens NR1 through NR3 12 mm diameter steel
studs were used, while for specimens HR1 through HR3 the
studs were 16 mm in diameter. The tested yield strengths of
12 mm and 16 mm studs were 442 and 408 MPa, respectively.reference specimens.
qf% qS% fys (MPa) CLFL% Failure
load
(kN)
—— 0.583 —————— ——— ———— 307.8
0.583 1.04 442 78.57 280
0.583 1.04 442 83.3 300
0.583 1.04 442 81.08 370
—— 0.583 —————— ————— ————— 340
0.583 1.85 408 92.1 380
0.583 1.85 408 87.0 460
0.583 1.85 408 92.0 490
HSC (60 MPa)
weight (kg/m3) Mix proportions Dry weight (kg/m3)
1.00 500
0.86 430
0.86 430
— 1.718 859
0.30 150 [L/m3]
— 0.15 75 [L/m3]
— 0.042 21 [L/m3]
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The tested specimens were supported concentrically on a
square steel frame and the central column was covered with
steel cap. The slab was vertically aligned with the center of
1000 kN hydraulic jack connected to a calibrated electrical
oil pump. The square frame including the tested specimen
was simply supported on the main stiff steel frame. The frame
used to resist the reaction of the applied load is shown in
Fig. 2.
4.3. Test procedure and instrumentations
All specimens were tested under axially concentrated load and
simply supported along the four edges as shown in Fig. 2. The
load was applied to the specimen in incremental rate of 50 kN
per increment. The propagation of the crack pattern was
observed carefully after each loading increment. At the ﬁnal
stage of loading and after the cracking of specimen, the applied
load was increased continuously up to failure. The shear rein-
forcement strains were measured by means of electrical resis-
tance strain gauges. The gauges were pasted near the end of
the stud as shown in Fig. 3 to avoid any damage in the gauge
during immersing it at the drilled hole. For pasting the gauge,
the bolt thread was removed mechanically and carefully to
form a smooth surface then the gauge was glued and ﬁxed in
its speciﬁc location. The strains in studs were measured parallelFigure 2 Test setup.
Figure 3 Studs with strain gages.with addition of loads and recorded by using strain meter
equipment.
4.4. Measurements
During the testing of specimens and the application of vertical
load, various measurements were recorded. The concentrated
applied load was recorded relative to studs strains for each
load increment. The vertical deﬂection of the slab central point
was measured with inductive displacement transducer (LVDT)
placed at the central point of specimen bottom surface.
Cracking propagation was also traced and marked relative to
the different loading steps.
4.5. Preparation of specimens for testing
All the specimens in this paper were tested previously to inves-
tigate its punching shear behavior as shown in Fig. 4. The
objective of original specimens was to examine the effect of
intermediate steel mesh with different volumes as shear rein-
forcement. The tested slabs had concrete compressive strengths
40 MPa and 60 MPa [19]. Specimens designated as A140 and
A160, had no intermediate steel mesh and are used herein as
reference specimens. In the present investigation, the experi-
mental program aims to study the effect of the addition of ver-
tical studs with different volumes (qs = 1.04 and 1.85%) on
the punching behavior of slabs. So, it was decided to remove
the old intermediate reinforcement mesh, by cutting mechani-
cally from the damaged slabs. Afterward, the deformed slab
was returned to its undeformed shape by loading the column
using a hydraulic jack in an opposite direction to the initial
loading direction. This simulates the process of propping struc-
tures in practice. To install the studs at their designated loca-
tions, holes were drilled in concrete with a hammer-drilling
machine. The diameter of these holes was typically 16 mm
and 20 mm for 12 mm and 16 mm diameter studs, respectively.
Within the slab thickness, studs were bonded to the concrete at
the drilled holes using high performance epoxy adhesive. After
setting of the adhesive material, the upper and lower threads of
the stud anchorage part were ﬁxed to the concrete slab using a
steel plate as washer measuring 50 · (50,160,240) · 5 mm and
nuts as shown in Fig. 5. Four electrical resistance strain gauges
for measuring studs strains were ﬁxed at four studs and
inserted in drilled holes in different locations. The studs used
in this investigation were cut from M12 and M16 threaded
bars. For pasting the strain gages, studs were machined for a
length of about 15 mm to remove the thread and strain gauges
were glued at these smooth regions. For the casting operation,
the specimens were completely cleaned from any loose concrete
particles by using manual hammering and from dust and
impurities by using a strong air jet to get clean and strong con-
crete surface. A concrete mix with the same original propor-
tions of M40 and M60 was prepared and an epoxy adhesive
material was used for painting the old surface of concrete for
the purpose of connecting the old concrete with the new one.
After the curing period, the specimen became ready for testing.
4.6. Shear reinforcements
In this experimental investigation the ratio of shear reinforce-
ments (qs) is calculated for tested slabs based on the formula
Figure 4 The shape of slabs before repair.
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Figure 5 Arrangement of studs in tested slabs.
546 H.S. Askarstated by Lips et al. [2] at perimeter at d/2 of the edge of the
support region.
qs ¼ nr:p=4:d2S=½Seð4Cþ pdÞ ð16Þ
where (nr) is the number of radii of shear reinforcement, (dS) is
the stud diameter, (Se) is the distance between two adjacent
reinforcement in the radial direction, and C is the column side
length.
Slabs NR1, NR2 and NR3 were repaired by the addition of
a number of studs 8, 16, 24 with 12 mm diameter around the
column respectively, while slabs HR1, HR2 and HR3 were
repaired by using the same studs number but with 16 mm
diameter. Fig. 5 shows the arrangement and details of the studs
locations for the different specimens.5. Test results
5.1. Crack propagation
During the testing procedure where the load was applied incre-
mentally, the cracking of the slab was observed at the lower
surface of specimen. The propagation of cracks was traced
and marked without stopping the loading process till the ﬁnal
crack pattern was mapped. The internal critical shear cracks
within the slab thickness were not observed. Starting of its
appearance could be distinguished as the deﬂection rate and
strain readings in studs increase parallel with the increment
in the applied load. The ﬁnal map of crack pattern is plotted
as shown in Fig. 6. From the load-deﬂection diagram shown
Figure 6 Crack pattern of selected tested slabs.
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Figure 7 Load-deﬂection relationship of the specimens of NSC
(40 MPa).
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Figure 8 Load deﬂection relationship of the specimens of HSC
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Figure 9 Normalized load-deﬂection relationship of the tested
specimens.
Repair of R/C ﬂat plates 547in Figs. 7 and 8, it could be seen that the development of the
inner critical crack does not start before 81% and 90.37%,
in average, of the ultimate load for NSC and HSC, respec-
tively. The ﬁnal mode of failure for all specimens was a real
punching failure and almost behaved in the same crack pattern
by cracking mainly outside the studs spreading zone.
5.2. Deﬂection of specimens
The measured relationship between the applied load and the
central deﬂection in all the tested slabs is illustrated in
Figs. 7 and 8. The curves behave almost linear within theelastic range. After the propagation of the cracks, the specimen
stiffness deteriorated and noticeably the rate of deﬂection
increased with the load increase. For specimens with NSC
and HSC, the recorded central deﬂection values are higher in
magnitude compared with their reference slabs A140 and
A160, under the same applied load. This means that the sug-
gested repairing system by using studs increases the ductility
of the repaired slabs. Also from Fig. 7, it could be seen clearly
for NSC specimens that, increasing the shear reinforcements,
(nr), increases signiﬁcantly the ductility of the slabs. For the
slabs of HSC, Fig. 8 shows that the ductility increases slightly
with the increase of shear reinforcement. Fig. 9 shows the nor-
malized load deﬂection curves of all the tested slabs. It could
be seen that the shear reinforcement affects signiﬁcantly the
deformations of the slabs. Compared with the reference speci-
mens, the repaired slabs showed larger deformations with the
addition of shear reinforcement. Also, it could be seen that
the deformation of slabs depends on the arrangement system
of the shear reinforcement which is consistent with the normal-
ized strength as shown in Fig. 9. The load-deﬂection relation
started almost linear within the elastic range. After the propa-
gation of the ﬁrst crack, the stiffness of specimens noticeably
dropped down, particularly for NSC slabs with lower shear
reinforcements.
5.3. Punching load capacity
The maximum punching strength resisted by the tested slabs is
given in Table 1. For the NSC specimens NR1 and NR2 with
lower ratios of shear reinforcement, the resisted punching load
548 H.S. Askarwas lower relative to the reference slab with about 9.03% and
2.53%, respectively. Specimen NR3 with higher shear rein-
forcements recorded a higher punching load with about
122.74% relative to the reference slab A140. For specimens
HR1, HR2 and HR3 with higher shear reinforcement ratio,
all the tested repaired slabs recorded a higher punching load
capacity relative to the reference slab A160. So it could be con-
cluded that in NSC slabs higher shear reinforcements affect
signiﬁcantly the punching shear strength of the slabs, while
for HSC specimens the rate of increase in punching strength
decreases as the shear reinforcements increase. Specimen
HR1 with 8 studs recorded 111.76% of the strength of speci-
men A160. By doubling the studs, the punching strength of
specimen HR2 became 135.29% of A160 with increasing
23.53% in strength relative to slab HR1. For specimen HR3
with triple times the studs number of HR1, the punching
strength became 144.12% of A160 with an increase in punching
strength of about 8.83% relative to slab HR2. So, it is clear
that with further increase in the shear reinforcement, the
punching strength does not signiﬁcantly increase as shown in
Fig. 10.
5.4. Rotation characteristics of slabs
The load rotation values measured for the different tested NSC
specimens are plotted in Fig. 11a. For slabs NR1 through
NR3, it could be seen that the higher values of rotation were
recorded for the repaired specimens relative to the reference
specimen A140. Also it could be seen that, as the shear rein-
forcement increases, the rate of rotation increases too, which
means that increasing the shear reinforcement increases theA1(40)
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Figure 10 Effect of the shear reinforce
0
100
200
300
400
500
600
Lo
ad
 V
 (k
N
)
NR 1
NR 2
NR 3
A1(40)
0 0.01 0.02 0.03 0.04 0.05 0.06
Rotation of SlabRΨ
(a) Specimens with NSC40 MPa
Figure 11 Load-rotation relapunching ductility of slabs. For slabs HR1 through HR3 with
HSC, it is clear that the effect of increasing the shear reinforce-
ment of the repaired slabs on the rotation was not signiﬁcant in
comparison with the reference specimen A160 as shown in
Fig. 11b. Generally, it could be seen that the rotation capacity
was slightly improved with the increase of shear reinforcement.
The rotation (WR) of the repaired slabs could be used as a
parameter to characterize the deformation of slabs. Fig. 12
shows the normalized load–rotation relationship of the tested
slabs. It could be seen that the addition of shear reinforce-
ments increases the rotation capacity of the repaired slabs in
comparison with the reference specimens A140 and A160, with-
out shear reinforcement. For NSC specimens, the rotation
capacity increases slightly relative to the HSC specimens.
Also, increasing the amount of shear reinforcement increases
the punching load and rotation capacity of the repaired slabs.
Fig. 13 shows the normalized load–rotation relationship of
the repaired slabs only, with the rotation obtained by consid-
ering that the maximum aggregate size (dg) is 20 mm. From
this ﬁgure, it could be seen that within the elastic range of test-
ing, an average linear relation has been observed. So, an exper-
imental equation (17) has been adopted for predicting the
rotation of repaired slabs (WR) under the applied punching
load ðVÞ:
WR ¼ 0:75V=½bod2
ﬃﬃﬃﬃ
f 0c
q
  104 ð17Þ
A correlation between experimental and calculated rotation
values is shown in Fig. 14. A good agreement in predicting
the rotation values under the applied load of such repaired
slabs using Eq. (17) can be observed.A1(60)
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Figure 12 Normalized load-rotation relationship of the tested slabs.
0
0.05
0.1
0.15
0.2
0.25
0.3
0.35
0.4
0 0.2 0.4 0.6 0.8 1 1.2 1.4
Figure 13 Normalized load-rotation relationship of the repaired
slabs.
Figure 14 Correlation between the experimental and the calcu-
lated rotations (WR) of the repaired slabs.
Table 3 Punching load capacity according to different codes.
V test/
V calc
ACI -
318
CSA NZS EC2 CSCT
NR1 1.11 0.99 1.11 1.03 0.995
NR2 0.895 0.80 0.895 0.92 0.930
NR3 0.884 0.791 0.884 0.976 0.980
HR1 1.268 1.135 1.268 1.238 1.047
HR2 1.155 1.033 1.155 1.253 1.117
HR3 0.986 0.882 0.986 1.147 1.023
Average
(COV)
1.0497
(13.3%)
0.9385
(13.35%)
1.0496
(13.3%)
1.094
(11.62%)
1.0153
(5.7%)
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Figure 15 Correlation between the experimental load and the
calculated load from different codes and from the CSCT.
Repair of R/C ﬂat plates 5495.5. Correlation between test results and codes of practice
To ﬁnd out how far the equations adopted in different codes
and CSCT can be applied for predicting the punching load
capacity of such rehabilitated slabs, the punching load of the
tested slabs was calculated based on these equations. The mea-
sured punching load of specimens relative to the calculated
results is summarized in Table 3. In addition, Fig. 15 showsa comparison between the experimental and the calculated
punching load. The values of punching load predicted by the
ACI 318-11 [12], Euro Code-2 [13], CSA A23.3-04 [14], NZS
3101: 2006 [15], show almost the same predicted load with
COV ranging from 11.62% to 13.3%. The results obtained
based on the CSCT by considering that failure occurs outside
the shear reinforcement zone are very close to the test results
with COV 5.7%. Thus, the predictions of the CSCT approach
550 H.S. Askarare closer to the experimental data than the different codes
considered here, where larger discrepancy has been indicated.
6. Conclusions
In the present investigation, a number of ﬂat plate specimens
failing in punching had been repaired and tested. The repair
technique depends on repairing the concrete and strengthening
the slab using shear studs. From the results of the present inves-
tigation, the suggested system in repairing the slab damage due
to punching in order to regain its original punching shear
strength, is efﬁcient and applicable in practice. In addition,
the following can be concluded:
1. The inner cracks started to appear in the tested slabs within
the studs area when the applied load reached almost 81%
and 90.37%, in average, of the ultimate load for NSC
and HSC, respectively. The failure of specimen occurred
while reaching the ultimate load with a distinguished sound
from a main crack outside the studs spreading area.
2. The proposed repair technique by using shear studs
increases the ductility of the repaired slabs
3. Increasing the number of shear studs signiﬁcantly improves
the slab ductility and rotation capacity in NSC, whereas,
such effect is limited in HSC slabs.
4. In NSC slabs, increasing the number of shear studs
improves the punching shear strength which may be higher
than that of the reference specimen. Such effect takes place
in HSC slabs but with lower rate.
5. The predicted punching strength capacity of the repaired
slabs based on the CSCT and different codes; e.g., the
ACI–318, CSA, NZS, EC2, is in close to the measured val-
ues; however, the CSCT leads to less discrepancy than these
codes.
6. The proposed experimental equation for predicting the
repaired slab rotation (WR) under the applied vertical load
showed a good agreement with the experimental results
within the elastic range.Acknowledgments
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